The study of Amazonian biodiversity requires detailed knowledge of the phylogenetic relationships of closely related taxa distributed across Amazonia. The Amazonian poison frogs of the genus Dendrobates have undergone many taxonomic revisions, but the phylogenetic relationships within this group remain poorly understood. Most previous classifications were based on morphology and skin toxin analyses, with limited use of DNA sequence data. Using mtDNA sequence data from four gene regions (cytochrome b, cytochrome oxidase I, 16S rRNA, and 12S rRNA), we present a molecular phylogenetic analysis of the evolutionary relationships within a representative group of Amazonian Dendrobates. We use the resulting phylogenetic hypothesis to investigate different biogeographic hypotheses concerning genetic divergence and species diversity in Amazonia. The results of the analysis support the presence of ancient paleogeographic barriers to gene flow between eastern and western Amazonia, and indicate substantial genetic divergence between species found in the northern and southern regions of western Amazonia.
Introduction
The Amazon Basin harbors an inordinate proportion of the worldÕs biodiversity. This immense diversity has delayed progress in determining the phylogenetic relationships among Amazonian organisms. Nevertheless, an understanding of the systematic relationships of Amazonian species plays a critical role in evaluating hypotheses which attempt to explain the high levels of diversity in the region (Patton and da Silva, 1998) . Recently, substantial progress has been made via molecular systematic investigation of the phylogenetic and biogeographic relationships within a variety of Amazonian taxa, including amphibians (e.g., Chek et al., 2001) , shedding light on important questions concerning Amazonian biodiversity. Here we present a molecular systematic analysis of phylogenetic and biogeographic relationships among populations and species of Amazonian poison frogs of the genus Dendrobates, focusing on western Amazonia.
There are a variety of species of Dendrobates in Amazonia and this genus forms a substantial part of the family Dendrobatidae (Clough and Summers, 2000; Myers, 1987; Vences et al., 2000) . Early descriptions of Amazonian Dendrobates included Dendrobates quinquevittatus (Fitzinger in Steindachner, 1864), Dendrobates reticulatus Boulenger (1883) , Dendrobates fantasticus Boulenger (1883), Dendrobates galactonotus (Fitzinger in Steindachner, 1864) and Dendrobates ventrimaculatus Shreve (1935) . Most of these species were placed by Silverstone (1975) into a single polymorphic species: ''D. quinquevittatus.' ' Caldwell and Myers (1990) restricted D. quinquevittatus to describe a frog with a distinct color pattern occurring in specific regions of Rondonia and Amazonas, Brazil, and described a new species (Dendrobates castaneoticus). They also tentatively assigned a number of widespread populations of Amazonian Dendrobates with small body size and similar coloration to the species D. ventrimaculatus, but suggested that this species might represent a composite of several species. A variety of other species of Molecular Phylogenetics and Evolution 26 (2003) www.elsevier.com/locate/ympev MOLECULAR PHYLOGENETICS AND EVOLUTION Amazonian Dendrobates have been described, including Dendrobates mysteriosus Myers (1982) , Dendrobates imitator Schulte (1986) , Dendrobates variabilis Zimmerman and Zimmerman (1988) , Dendrobates duellmani Schulte (1999) , Dendrobates amazonicus Schulte (1999) , Dendrobates flavovittatus Schulte 1999, Dendrobates rubrocephalus Schulte 1999, D. imitator Schulte (1986) , Dendrobates sirensis Aichinger (1991), Dendrobates lamasi Morales (1992) , and Dendrobates biolat Morales (1992) . However, not all of these species are generally accepted as valid (see Section 3).
Members of the genus Dendrobates are distributed across most of Amazonia, but species diversity is highest in western Amazonia; Figs. 1 and 2). With the exception of D. galactonotus and D. mysteriosus, Amazonian species of Dendrobates are morphologically similar in body size and shape (although frequently divergent in color and pattern). This suggests that these frogs comprise a group of closely related species. However, the evolutionary relationships among these species are poorly understood. Using a molecular phylogenetic approach, we attempt to clarify these relationships. The molecular phylogenetic analyses of these frogs in a geographic context can also provide opportunities to test predictions from hypotheses concerning diversification in Amazonia. Amphibians are small and usually exhibit relatively low vagility (Duellman, 1982) . Dendrobatid frogs have a forest mode of reproduction and are not only restricted to relatively humid climates, but are limited to specific habitats. Each species of Dendrobates is dependent on small pools of water (sometimes associated with specific species of plants) for their tadpoles. Hence they should be directly affected by climatic shifts imposing vegetational changes, as suggested by some of the hypotheses proposed to explain diversity. Because poison frogs of the genus Dendrobates range across much of Amazonia, and span a variety of geographic barriers, these frogs also provide an opportunity to examine hypotheses concerning the influence of specific kinds of barriers on genetic diversification.
A variety of hypotheses have been proposed to explain the elevated species diversity in the Amazon Basin (Gascon et al., 2000; Moritz et al., 2000) . Many of these hypotheses propose specific isolating barriers as mechanisms that generated genetic divergence (Patton et al., 1994) . Genetic isolation and subsequent speciation usually depend on the formation of extrinsic barriers to gene flow (Mayr, 1942) . Employing phylogeographic analysis, it is possible to test the effectiveness of hypothetical barriers to gene flow in Amazonia (Avise, 2000) .
Several paleogeographic barriers have been proposed as important barriers to gene flow in Amazonia. The orogeny of the Andes and the resulting arches (now mostly eroded) (Fig. 2) , coupled with marine introgressions dividing the Amazon basin (R€ a as€ a anen et al., 1995), have been hypothesized to be important vicariant events causing genetic divergence among species and populations (Patton and da Silva, 1998 ). An important prediction of this hypothesis is that species or haplotype assemblages should demonstrate monophyly between arches, and arches should reflect points of ancient divergence of species (Patton and da Silva, 1998) . Several authors have found evidence to support this hypothesis in rodent and marsupial species (Patton and da Silva, 1998), and frogs (Gascon et al., 1998; Lougheed et al., 1999) . Haffer (1969 Haffer ( , 1990 proposed that tropical forests expanded and contracted during glacial cycles (Refuge Hypothesis). These contractions sundered the forest into small islands or isolated refugia, which promoted divergence and speciation. Secondary contact occurred with the expansion of the forests associated with interglacial periods. Repeated isolation led to divergence, speciation, and genetic isolation at secondary contact. Haffer (1997) predicted that levels of divergence would be roughly equivalent between each of the refugia shown in Fig. 2 . The Refuge Hypothesis has been investigated by a number of researchers and has been the focus of considerable debate (Brown, 1982; Froehlich et al., 1991; Nores, 1999; Prance, 1982; Prance, 1973; R€ a as€ a anen et al., 1991; Vanzolini, 1970) . Duellman (1982) proposed a hypothesis similar to HafferÕs (1969) Refuge Hypothesis, but specific to anurans. Reproductive modes that depend on terrestrial pools of water typically confine frogs and toads to high humidity environments (Duellman, 1982) . Duellman (1982) hypothesized that the most humid regions of rainforest were retained at mountain bases during glaciation and served as amphibian refugia. DuellmanÕs (1982) hypothesis predicts divergence will be higher among species and populations in the highland regions, and that lowland species will be derived from highland ancestry.
Wallace (1853) first proposed that major rivers divided Amazonia into four biogeographic regions. The modern formulation of this ''Riverine Barrier'' hypothesis (Sick, 1967) proposes that gene flow in Amazonia is restricted by the formation of rivers in regions where forests were previously uninterrupted. This hypothesis predicts that increased river width will result in increased divergence, that populations on each side of a river should form monophyletic groups, and that gene flow should be higher at headwater regions (Capparella, 1988; Gascon et al., 1998) . Evidence for and against this hypothesis has been published (e.g., Capparella, 1988; Patton and da Silva, 1998) .
Examination of genetic divergence across populations or groups from a variety of taxa is necessary to test these biogeographic hypotheses (Gascon et al., 1998) . Models of vicariance predict that divergence between populations or closely related species should reflect the presence of specific biogeographic barriers within a geographic region (Patton and da Silva, 1998 ). Here we investigate phylogenetic relationships and genetic divergence among populations and closely related species of Amazonian Dendrobates to test predictions derived from these different biogeographic hypotheses. Ultimately, this should contribute to a broader understanding of Amazonian biodiversity.
Methods

Sample collection
Tissue samples were collected in the field by one of the authors (with the exception of the samples from Brazil) at the locations listed in Table 1 . Samples were generally taken as toe clips from each frog but a few samples were from tail tips of tadpoles. Samples from Brazil were collected by Dr. J.P. Caldwell and were obtained from Louisiana State University Museum of Natural Sciences Collection of Genetic Resources as a tissue grant to the corresponding author. The general distributions of each species analyzed in this study (except D. quinquevitattus and D. castaneoticus) are shown in Fig. 1 , and the sampling locations are shown in Fig. 2 . Representative voucher specimens for each species and population utilized in this study are maintained by R. Schulte, at the Instituto de Investigaci o on de la Biolog ı ıa de las Cordilleras Orientales, in Tarapoto, Peru.
DNA extraction, DNA amplification, sequencing
Genomic DNA was extracted from tissue samples preserved in high concentration salt buffer (DMSO/ NaCl/EDTA) with the Qiagen DNeasy Tissue Kit. For the 16S ribosomal RNA (rRNA), 12S rRNA, cytochrome b, and cytochrome oxidase I mitochondrial gene regions, DNA samples were amplified using DNA primers and protocols described in Clough and Summers (2000) , Summers et al. (1999) , Symula et al. (2001) . We used the following primer sets: 16s: LGL 381, LGL 286 (Bickham et al., 1996) ; 12s: 12SA-L, 12SB-H ( Kocher et al., 1989) , Df12SA, Df12SB (Symula et al., 2001 ); cytochrome b: CB1-L, CB2-H (Palumbi et al., 1991) ; KSCYB1-H (Clough and Summers, 2000) ; cytochrome oxidase I: COIA, CO1F (Palumbi et al., 1991) . DfCO1A, DfCO1B, DiCO1A, DiCO1B (Symula et al., 2001) . Cytochrome oxidase I was not sequenced for D. quinquevittatus and Dendrobates vanzolinii.
PCR amplifications were purified with the QiagenÕs QIAquick PCR Purification Kit. Products were sequenced using Applied BiosystemsÕ (ABI) Prizm Sequencing Kit. Samples were then prepared for sequencing as in Clough and Summers (2000) .
Sequence analysis
Each sample was sequenced in both directions and complementary sequences were aligned using Autoassembler version 1.4.0 (ABI 1995) . Consensus sequences were transferred to Gene Jockey (Taylor, 1990) for alignment with a sequence from the same region from a different individual. We translated the protein coding sequences to confirm that they were in proper reading frame.
We aligned the DNA sequences with Clustal X (Thompson et al., 1997) . For the cytochrome oxidase I and cytochrome b gene regions, alignments were unambiguous, with no gaps. For the 16S rRNA and 12S rRNA gene regions, a few regions of ambiguous alignment were removed from the analysis. Unambiguous, informative gaps were coded as transversions in the analysis. A single informative gap was found in the 12S rRNA gene region, and one was found in the 16S rRNA gene region.
To determine whether secondary structure of the rRNA sequences provided additional alignment information, we compared 12S and 16S rRNA sequences to a previously determined secondary structure from piranha sequence (Ort ı ı and Meyer, 1997). One sequence from each dendrobatid species was aligned to piranha sequence. Stems were identified first by aligning sequences from one of each of the sampled taxa to the piranha sequence and then checking to insure the two strands were complementary, allowing for mismatches as discussed by Kjer (1995) . We checked the rRNA gene regions to verify that there were no gaps in proposed stem regions, and we used stem regions to check for accurate sequencing (Kjer, 1995) .
Sequences for Dendrobates ventrimaculatus and Dendrobates histrionicus from Ecuador, D. vanzolinii from Brazil, and Dendrobates leucomelas from Venezuela were taken from previously compiled data sets (Clough and Summers, 2000) and incorporated into the analysis. GenBank Accession Nos. for the sequences used in this project are as follows: cytochrome oxidase I gene region (mtDNA): AF482815-AF482828; cytochrome b gene region (mtDNA): AF482800-AF482814; 16S rRNA gene region (mtDNA): AF482785-AF482799; 12s rRNA gene region (mtDNA): AF482770-AF482784.
Phylogenetic analysis
We carried out two types of phylogenetic analysis to investigate evolutionary relationships: Maximum Parsimony (MP) and Maximum Likelihood (ML), using the program PAUP* version 4.0 (Swofford, 1999) . For the outgroups, we used D. histrionicus (Ecuador) and D. leucomelas (Venezuela), which fall outside a distinct Amazonian clade within Dendrobates (Clough and Summers, 2000) .
Phylogenetic analysis was performed on three separate data sets: (1) A data set including all taxa sampled, consisting of DNA sequence data from the 12S rRNA, 16S rRNA, and cytochrome b gene regions. (2) A data set including all taxa sampled, with the exception of D. quinquevittatus and D. vanzolinii and sequence data from all four gene regions (including the cytochrome oxidase I region). (3) A reduced data set for the D. ventrimaculatus Numbers in parentheses refer to sample numbers in Appendix A (a).
populations and closely related species from northwestern Amazonia with southwestern species as outgroups. This data set is restricted to sequences from the cytochrome b and cytochrome oxidase I genes. These regions evolve relatively rapidly (Moritz et al., 1987) and hence should be useful in resolving relationships among relatively closely related species and populations. Parsimony analyses were carried out using stepwise addition with 50 random addition replicates, using treebisection and reconnection for branch rearrangement. The analysis employed a dynamic weighting scheme to control for variation in the rates of transition and transversion (Williams and Fitch, 1990 ). We did not downweight third base pair substitutions in the analysis because saturation plots of Kimura 2-parameter ''p'' distances (Kimura, 1980) revealed substantial signal in both third base pair transversions and transitions (Broughton et al., 2000) . Support for particular nodes was investigated with bootstrapping (Felsenstein, 1985) , using 2000 replicates.
We performed ML analyses using both combined data sets and data sets for individual gene regions. We used the program Modeltest (Posada and Crandall, 1998 ) to determine which model of substitution best fit the data, using a preliminary tree derived from ML analysis. Modeltest was also used to derive best fit estimates of base pair frequencies, the proportion of invariant sites and the gamma shape parameter (Posada and Crandall, 1998 ). The best model was provided by the General Time Reversible model of substitution (Rodr ı ıguez et al., 1990) , including a gamma shape parameter (Yang, 1996) estimated from the data. Gamma parameters, base composition and a proportion of invariant sites for each of the data sets are presented in Table 2 for the combined data sets. These parameters were used for phylogenetic analysis in PAUP*. For ML analyses, a heuristic search was run with 50 replicates and bootstrapped with 100 replicates for all three data sets and for each of the gene regions separately.
Hypothesis testing
We tested predictions from four different biogeographic hypotheses: (1) (Fig. 2) . D. quinquevittatus is separated from the northwestern populations by the Iquitos and Serra do Moa arches, and from the southwestern populations by the Serra do Moa Arch. D. quinquevittatus is also separated from D. castaneoticus by the Purus Arch and the Caruauri Arch. We predicted two major clades that show deep phylogenetic divergence and separate eastern taxa versus western taxa. In contrast to the Refuge hypothesis, the Paleogeographic Barrier hypothesis predicts higher levels of divergence between east and west than between north and south.
Four a priori tree topologies (Goldman et al., 2000) , three inconsistent, and one consistent with the Paleogeographic Barrier Hypothesis (see below) were constructed with MacClade 3.05 (Maddison and Maddison, 1993) . The first two topologies grouped one of the eastern species (D. castaneoticus or D. quinquevittatus) within a polytomy containing all of the western species, and the third grouped a western species (D. ventrimaculatus) with the eastern species. These topologies were compared to the topology grouping D. castaneoticus and D. quinquevitattus in a clade, with all eastern taxa forming another clade (as a polytomy) using KishinoHasegawa (KH) tests (Kishino and Hasegawa, 1989) as implemented in PAUP*. We also compared genetic distances using a studentÕs t test (see below).
(2) The Refuge Hypothesis predicts that species from each different refuge will diverge simultaneously from those in other refugia (Haffer, 1997 
All parameters were generated using Modeltest (Posada and Crandall, 1998) . from the southwest (Inambari Refuge region); D. castaneoticus and D. quinquevittatus from central Amazonia (Parecis Refuge region). The Refuge Hypothesis predicts three major groups roughly associated with the three refuges depicted in Fig. 2 . Further, these separations of taxa should be accompanied by approximately equal genetic divergence between each refuge (Haffer, 1997) . Several species (D. fantasticus, D. variabilis, and D. imitator) occupy ranges between the Napo and the Inambari regions, and were difficult to assign a priori to either the Napo or Inambari refuge region. Hence it was not possible to predict an a priori tree topology for the Refuge Hypothesis. Instead of using topology tests, we compared the differences in average genetic distances (estimated via ML) between taxa occurring in specific geographic regions (east versus west compared to north versus south) with a studentÕs t test, using the program Statview.
(3) The Riverine Barrier Hypothesis predicts that populations on the same side of large rivers will be closely related and form monophyletic groups. Our most sensitive test of this hypothesis utilized data from the relatively rapidly evolving cytochrome b and cytochrome oxidase I mtDNA regions to investigate divergence among populations of D. ventrimaculatus and closely related species in northwestern Amazonia.
(4) Montane Refuge Hypothesis: This hypothesis predicts that divergence will be higher among highland populations and species. It also predicts that lowland species will typically be derived from highland ancestry. We tested these predictions by comparing genetic distances and phylogenetic relationships among highland and lowland species in our dataset, particularly D. variabilis and D. fantasticus from the highlands and D. ventrimaculatus, D. amazonicus, D. reticulatus, and D. vanzolinii from the lowlands (D. imitator, D. lamasi, and D. biolat span highland and lowland habitats).
Results and discussion
Molecular phylogenetics
The final data set for all four gene regions comprised 1598 base pairs (556 from 16S rRNA, 320 from 12S rRNA, 454 from cytochrome oxidase I, and 268 from cytochrome b). For the MP analysis of all four gene regions 448 characters were informative. The analysis excluding cytochrome oxidase I had 279 informative characters. ML and MP analyses produced almost identical topologies, but the ML trees had higher bootstrap support for clades with low branch support in MP analyses. Trees shown in Figs. 3-5 are ML topologies with branch length estimates above branches and bootstrap values below branches. These trees also depict the most parsimonious hypotheses. Tables of genetic distances between all taxa for each gene region are provided in Appendix A. One puzzling feature is the high level of genetic divergence between the two specimens of D. ventrimaculatus from Porto Walter, Brazil (although these specimens are placed together in our phylogenetic analyses). The explanation for these high levels of divergence awaits further re-search. ML gene trees are provided in Appendix B. Most of the differences occur in the resolution of the taxa from northwestern Amazonia. Both 16S rRNA and 12S rRNA provide resolution with relatively strong bootstrap support separating the three major clades. Caldwell and Myers (1990) raised several questions about the organization of the D. ventrimaculatus group, particularly concerning the taxonomic status of D. variabilis. They argued that it is unclear whether D. variabilis warrants specific status. Our analysis indicates that D. variabilis from Tarapoto, Peru and D. ventrimaculatus from Yurimaguas, Peru are more closely related to each other than they are to D. ventrimaculatus from Pompeya, Ecuador (Figs. 3-5 ). This is consistent with the hypothesis that D. variabilis is a color and pattern variant of D. ventrimaculatus. However, there are acoustic differences between the advertisement calls of D. variabilis and D. ventrimaculatus (Appendix C). Furthermore, D. variabilis is restricted to the summits of mid-level mountains, whereas D. ventrimaculatus is confined to lowland habitats. We believe that further research (particularly hybridization studies) is warranted before a conclusion on the species status of D. variabilis is reached. D. amazonicus (Schulte, 1999 ) also appears closely related to a population of D. ventrimaculatus from Allpahuayo, Peru.
Our analysis supports the separation of D. quinquevittatus (as defined by Caldwell and Myers, 1990) from the widespread D. ventrimaculatus (Figs. 3 and  4) . Based on LynchÕs (1979) argument that there are few species distributed widely across major forest regions in Amazonia, populations assigned to D. ventrimaculatus may not constitute a single species. Caldwell and Myers (1990) also suggested that D. ventrimaculatus may comprise a composite species. Consistent with Caldwell and MyersÕ (1990) hypothesis, our analysis indicates that populations of D. ventrimaculatus do not form a monophyletic group (Fig. 3-5) . Rather, D. ventrimaculatus from Porto Walter, Brazil appears to be the sister taxon to D. 
amazonicus).
Although the species range of D. imitator is closer to the Napo Refuge, D. imitator is more closely related to the southern species D. vanzolinii, D. biolat, and D. lamasi (Figs. 3 and 4) . The results of the analyses presented here, combined with previous analyses of population structure in D. imitator (Symula et al., 2001) suggest that D. imitator populations have recently colonized their current habitats from a southern ancestral stock, and have undergone rapid diversification in color and pattern, matching populations of local species. This provides further support for the hypothesis that D. imitator shares color and pattern with its putative models due to mimetic convergence, rather than common ancestry (Symula et al., 2001) .
Perhaps the most surprising systematic result from our analyses is that D. castaneoticus and D. quinquevitattus were placed outside one of the putative outgroups (D. leucomelas). This result should be considered preliminary, and future research should include multiple members from the D. leucomelas clade (particularly Dendrobates auratus, Dendrobates tinctorius, and Dendrobates azureus) to see if the result remains the same. It is certainly possible that this entire clade (the members of which live in northern South America and Central America) shares a common ancestor with members of the Western clade than with D. castaneoticus and D. quinquevitattus but this hypothesis should be tested further before any conclusions are reached. Fig. 6 shows a composite phylogeny from our molecular systematic analyses (incorporating the enhanced resolution provided by the complete data set, but including species for which cytochrome oxidase I data was not available), overlaid on a map of northern South America to give a phylogeographic perspective. The topology of the tree indicates two major divisions (western versus eastern and northwestern versus southwestern). The deep divergence between eastern and western taxa is consistent with the presence of ancient paleogeographic barriers, as suggested by R€ a as€ a anen et al. (1990) .
Phylogeography
Paleogeographic Barrier Hypothesis
The Paleogeographic Barrier Hypothesis predicts higher levels of divergence between eastern and western species than between northern and southern species, due to the presence of ancient barriers to gene flow (Patton and da Silva, 1998) . Elevated genetic distances shown in Table 3 support the ancient isolation of these populations. The average ML distance between populations of D. castaneoticus and the western populations is X X ¼ 0:2951, SD ¼ 0.0365. These populations are separated by the Purus Arch, Caruauri Arch the Serra do Moa Arch, and the Iquitos Arch. Populations of D. quinquevittatus are separated from the southwestern populations by the Serra do Moa Arch and from the northwestern populations by the Serra do Moa Arch and the Iquitos arch. Genetic distances between these populations are also high ( X X ¼ 0:3119, SD ¼ 0.0272). Dendrobates vanzolinii and the westernmost populations of D. ventrimaculatus are on the eastern side of the Serra do Moa Arch, but the relatively close genetic relationship between these species and the other members of the western clade (Fig. 3, Appendix A) , and the fact that the range of both of these species spans the arch, suggests that they may have crossed the arch recently, or that this arch was not an effective barrier to gene flow. Given that D. quinquevitattus does show high divergence with respect to all the western taxa, the former possibility may be more likely.
We compared the average genetic distances between the eastern species (D. castaneoticus and D. quinquevittatus) and the western species to the average genetic distances between species from the far northwest (D. amazonicus, D. reticulatus, and D. ventrimaculatus from north of the Amazon) and from the far southwest (D. biolat and D. lamasi). The average genetic distance between the eastern and western species ( X X ¼ 0:3003, SD ¼ 0.0346) was significantly higher (t test, P < 0:0001) than the average distance between the northwestern and southwestern species ( X X ¼ 0:1678, SD ¼ 0.0338). This was not simply a function of geographic distance. For example, the genetic distance between D. quinquevittatus and D. biolat (0.3119) was substantially higher than that between D. biolat and D. ventrimaculatus from Pompeya, Ecuador (0.1964), even though the geographic distance between D. biolat and D. quinquevittatus (621 km) is considerably less than that between D. biolat and that population of D. ventrimaculatus (985 km).
Time of divergence was calculated using an approximate rate of substitution for cytochrome b (0.8-2.5% divergence per million years) (Lougheed et al., 1999) in combination with genetic distances between cytochrome b sequences (using the Kimura 2-parameter model to correct for multiple substitution). The range of average divergence times estimated between species from western Amazonia and D. quinquevittatus and D. castaneoticus was 10-31 million years. These possible times of divergence are very broad, but consistent with the time frame for the formation of both the paleogeographic arches and marine introgressions. The ancient age of divergence among species in our study is consistent with the results of similar analyses in other taxa (Moritz et al., 2000) . The data set without cytochrome oxidase was used to test the a priori phylogenetic hypotheses with alternative tree topologies.
The results of the KH tests comparing topologies are shown in Table 4 . Placing D. castaneoticus within the western clade results in a significant decrease in likelihood, whereas placing D. quinquvittatus in the western clade does not. Placing a member of the western clade (D. ventrimaculatus) in a polytomy with D. castaneoticus and D. quinquevittatus also produces a significant difference in topology. These results are generally consistent with the hypothesis that an ancient barrier has prevented gene flow between eastern and western Amazonia.
Our results are consistent with previous studies on genetic divergence across the Amazon Basin. Patton and da Silva (1998) documented substantive genetic divergence (4-14%) across hypothesized arch locations between populations of rodents and other small mammals that otherwise showed limited (<1%) within population variation. Gascon et al. (1998) found patterns of allozyme divergence in several frog species that were consistent with the hypothesis that the Iquitos Arch has had a significant impact on interpopulation divergence. Finally, a study of mtDNA divergence among populations of the poison frog Epipedobates femoralis (currently named Allobates femoralis) revealed patterns consistent with the hypothesis that the Iquitos Arch has influenced population genetic differentiation along the Juru a a river (Lougheed et al., 1999) .
Forest Refuge Hypothesis
Western Amazonian species separate into two distinct northern and southern groups on the basis of genetic affinity, with the exception of D. imitator (see above). The separation of the western taxa into southern and northern clades roughly coincides with the the Napo refuge region in the north and the Inambari refuge region in the south, and is consistent with HafferÕs (1969) Refuge hypothesis. However, the Refuge hypothesis also predicts that taxa from each of the proposed refuges will be approximately equally diverged from each other (Haffer, 1997) . The genetic distances between northern and southern species were significantly lower than those between western and eastern species, as discussed above. These results are not consistent with the prediction of the Refuge hypothesis.
The estimated range of average divergence times between northern and southern species (as defined above) was 8-25 million years, based on cytochrome b divergence. Haffer (1997) revised his original hypothesis, under which the refugia were formed by Kroll-Milankovitch cycles in the Pleistocene, to include more ancient cycles of climate change. Our analysis suggests that the divergence between the northern and southern clades took place well before the Pleistocene, but the time of divergence could be consistent with the presence of earlier (Pliocene or Miocene) refugia.
Riverine Barrier Hypothesis
The analysis of populations of D. ventrimaculatus and closely related species using the rapidly evolving gene regions produced results that were inconsistent with the Riverine Barrier Hypothesis. The Amazon River should be the largest riverine barrier in the Amazon Basin, but the populations from the same side of major riverine barriers do not form monophyletic groups. Fig. 5 shows the ML tree of the cytochrome b and cytochrome oxidase I regions for the analysis including D. ventrimaculatus from the Itaya River, Peru north of the Amazon River. D. ventrimaculatus from the Itaya River, Peru is the apparent sister taxon to the populations of D. ventrimaculatus from Yurimaguas, Peru and D. variabilis from Tarapoto, Peru (which are southwest of the Amazon) with a bootstrap value of 85%. Additionally, these three populations fall into a clade with D. ventrimaculatus from Pompeya, Ecuador with a bootstrap of 91%. D. amazonicus from Almendras, Peru is the sister taxon to D. ventrimaculatus from Allpahuayo, Peru. These two populations from southwest of the Napo River form a clade with a population of D. ventrimaculatus from northeast of the Napo River.
Most recent studies of genetic divergence across rivers in Amazonia have not supported the Riverine Barrier Hypothesis. Patton and his colleagues (e.g. Patton and da Silva, 1998) investigated DNA sequence divergence among populations in seventeen species and species complexes of terra firme rodents. Their results contradicted predictions derived from the Riverine Barrier Hypothesis. Gascon et al. (1998) provided evidence that rivers do not constitute effective barriers to gene flow in the Brazilian lowlands for several different frog species. Lougheed et al. (1999) tested the Riverine Barrier Hypothesis for divergence among populations of the poison frog A. femoralis. They found that populations on opposite sides of the Juru a a River are not monophyletic, nor is divergence highest at the junction of the Juru a a and Amazon Rivers, in contrast to the predictions of the Riverine Barrier Hypothesis.
One reason that rivers may not serve as effective barriers is that river courses are shifting constantly and sometimes undergo major shifts (Lundberg et al., 1998) . Geological evidence for the dynamic nature of Amazonian rivers has been presented by R€ a as€ a anen et al. (1987, 1992) . This evidence suggests that populations on one side of a river (even a river with wide flood plains) may be shifted to the other side of the river by changes in the course of the river due to tectonic activity. The only clear effect of a riverine barrier from our research is the strong divergence between populations of D. fantasticus on either side of the Huallaga River in Peru (Symula et al., 2001) . However, the movement of the Huallaga River is restricted by a canyon at that point and its course is not as free to change as are lowland rivers.
Montane Refuge Hypothesis
According to DuellmanÕs (1982) hypothesis montane valleys act as refugia, driving speciation. This hypothesis predicts high levels of divergence between these valleys. Furthermore, DuellmanÕs (1982) hypothesis predicts that lowland species will be derived from highland ancestry. In contrast to this prediction, levels of genetic divergence among highland species were similar in magnitude to those among lowland species (Appendix A) and highland species appear to be derived from lowland ancestry (Figs. 3-5) .
There have been few other attempts to test the Montane Refuge hypothesis in frogs. A molecular systematic study of hylid frogs (Chek et al., 2001 ) revealed deep divergences within lowland populations, contradicting a prediction of this hypothesis.
Species diversity in northwestern Amazonia
There are two questions that concern the influence of geographic barriers on genetic divergence. First, did the geographic features serve as strong barriers to gene flow? If so, there should be high levels of genetic divergence between species on either side of the geographic barriers. Second, was divergence across the geographic barrier responsible for a major portion of the diversity seen in a clade? Geographic barriers can generate high levels of diversity though several different mechanisms. One of these proposed mechanisms involves repeated vicariance (Avise, 2000) . For example, repeated marine introgression and subsidence can disconnect and reconnect areas repeatedly. If this is accompanied by range expansion of newly formed species after each vicariant event, it can result in the repeated formation of new species. This kind of repeated speciation predicts a specific branching pattern in the resulting phylogenetic tree. Pairs of sister taxa should repeatedly span the geographic barrier, and clades should be related across the barrier in a hierarchical manner. Our DNA sequence comparisons provide evidence consistent with an ancient effective barrier to gene flow separating eastern and western Amazonia, and a more recent barrier separating southwestern and northwestern Amazonia. However, the results of our analyses are not consistent with a major role for these ancient barriers in generating the species diversity currently observed in western Amazonia.
There are considerably more species of Dendrobates in western Amazonia than in central and eastern Amazonia (Fig. 2) . The disparity is even more striking than that shown in the figure, because there are several more species endemic to western Amazonia that were not included in this study (e.g. D. duellmani, D. flavovittatus, D. rubrocephalus, and D. sirensis among others). Species diversity is particularly high in northwestern Amazonia (Fig. 2) . Because the degree of divergence among the sampled species in northwestern Amazonia is relatively low compared to divergence between regions (Appendix A), speciation in this region may have been relatively recent. The evidence presented here for an association between genetic divergence and the presence of geographic barriers does not provide an explanation for multiple speciation events or for high levels of species diversity in northwestern Amazonia.
The high levels of overall species diversity of northwestern Amazonia may be influenced by ecological heterogeneity. Certainly, the divergence of highland species from lowland ancestry (as suggested by our results) is consistent with the possibility of speciation driven by ecological gradients or discontinuities. Evidence for this kind of effect has been found previously, both in Amazonia and elsewhere (reviewed by Moritz et al., 2000) .
Ecological differences may also influence species diversity in the Amazonian lowlands. Traditionally, the Amazon basin has been viewed as species rich, but with relatively little differentiation among habitats and with low regional diversity (Tuomisto et al., 1995) . Recently, scientists have argued that this impression is misleading and may be due to a lack of careful analysis of regional diversity (Tuomisto et al., 1995) . A variety of techniques are currently being used to quantify landscape heterogeneity in northwestern Amazonia, including satellite image analysis, geological surveys, and field studies of regional plant biodiversity (e.g., Ruokolainen et al., 1997; Tuomisto et al., 1995) . These studies have revealed that levels of regional habitat diversity are much higher than previously believed, which could lead to high rates of ecological speciation (Schluter, 1998) . Testing this hypothesis will require careful evaluation of the association between habitat differentiation and poison frog species diversity in Amazonia. 
